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ABSTRACT 
 
This research investigated possible predictive biomarkers for embryo yield of somatic 
embryogenesis (SE) in Pinus taeda suspension culture. Previous research in related systems 
suggest that arabinogalactan protein (AGP) levels and/or culture size/morphology may serve as a 
determinant for downstream embryo yield. Size fractionation of culture was performed with a 710 
μm sieve and the embryo yield of each size fraction (unfiltered control, <710 μm, and >710 μm) 
was determined 12 weeks after plating on developmental media. Cell-associated AGP 
concentrations in each size fraction were also measured to determine if there is a difference in 
between large and small aggregates. Results demonstrated that the >710 μm fraction developed 
more embryos in two separate experiments; additional size fractionation verification is 
recommended to confirm this relationship. Results also showed that larger aggregate have higher 
concentrations of AGP when compared to smaller aggregate cultures, opening up new avenues of 
research in AGP analyses in the search for a predictive biomarker in early stage somatic 
embryogenesis. 
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INTRODUCTION & BACKGROUND 
 
Somatic embryogenesis is the development of plant embryos in culture from somatic cells that are 
not necessarily involved in plant reproduction. These somatic embryos can then be germinated 
into new plants with identical genotypes to the original somatic cells. In recent years this process 
has been researched as both a tool for understanding the mechanisms of embryo development and 
a method for developing crops with ideal characteristics. This area of research is of particular 
interest to the forestry industry. Crops that have genotypes that are cost effective and well-suited 
to agriculture are highly desirable to lumber cultivators. Therefore, a process such as somatic 
embryogenesis that could produce a large-scale source of genetically desirable plant embryos 
ready to be germinated is of great interest to these cultivators.  While the use of somatic 
embryogenesis is well established, there remain limitations in its application, the most notable 
being unpredictable and variable embryo yields and a lack of understanding of the role of 
morphological structures. This section of the report discusses the key developments in somatic 
embryogenesis and underscores areas requiring further attention.   
 
Introduction to Somatic Embryogenesis 
 
Somatic embryogenesis (SE) was first observed in Daucus carota suspension cultures well over 
fifty years ago (Steward et al., 1958). Since this time, many researchers have independently studied 
embryo development and the morphological characteristics in various species, such as conifers 
and other pines (Filonova et al., 2000; Steiner et al., 2016). Generally, there are three stages of 
development from the explant to somatic embryos: initiation, proliferation, and maturation (von 
Arnold, 2002).   
 
Initiation. Initiation of somatic embryo cultures begins with a sterilized cutting from the original 
plant, also known as an explant (Cummings Bende et al., 2018). For the cells to successfully 
transition to embryos, gene expression must be modified. Research has demonstrated that this can 
be induced by osmotic shock and addition of auxins, such as 2,4-dichlorophenoxyacetic acid (von 
Arnold, 2002). Furthermore, successful initiation in embryogenic cultures requires careful 
selection of the explant, particularly for conifers. It has been demonstrated that older explants and 
vegetative tissues lead to lower competent embryos (Roberts et al., 1989).  
 
Proliferation. Upon successful initiation, a callus of dedifferentiated cells forms. SE can be 
induced at this phase, known as direct SE, or suspended in culture and induced later, or indirect 
SE (von Arnold et al., 2002). When suspended in culture cells proliferate. Suspension in culture is 
particularly advantageous for conifers and other industrially relevant crops as embryos can be 
propagated at large-scale. The addition of abscisic acid (ABA) or other plant growth regulators 
both promotes maturation and inhibits embryo formation. Maturation is characterized by a bilateral 
distribution of cell types into pre-embryogenic heads and suspensor cells (Filonova et al., 2000). 
The suspensor cells are highly vacuolated and provide nutrients to the embryo proper. It has been 
suggested that programmed cell death of the suspensor cells leads to correct formation of the 
embryo (Smertenko and Bozhkov, 2013). 
 
During the proliferation phase, conifers – and more generally, gymnosperms – progress through 
three typical stages of cellular aggregates, referred to as pre-embryogenic masses (PEMs) I, II and 
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III. The simplest structure, PEM I, is characterized by a mass of pre-embryogenic heads attached 
to a single vacuolated suspensor cell. The suspensor and head cell types continue to divide while 
remaining aggregated, giving rise to PEM II’s. Finally, progression to PEM III morphologies is 
distinguished by yet larger aggregates and budding embryo heads (Filonova et al., 2000; Figure 
1). In culture these individual morphologies can be distinguished and separated by their size. In 
Pinus taeda (loblolly pine), typical diameters for each stage are on the order of < 300 μm, 300 - 
700 μm and > 700 μm, with some variance among genotypes (Cummings Bende et al., 2018). 
 
 
Figure 1: 60-Day time-lapse tracking of development pathway of somatic embryogenesis in Picea abies (Norway 
spruce) for cell line B41. Reproduced from Filonova et al. (2000). Aggregates smaller than 200 μm were isolated 
in agarose gel and supplied continuously with auxins. The resulting development through each of the pre-embryogenic 
masses is indicated in the figure.  
 
Maturation. PEMs can be transferred to a solid media where they are induced to form embryos. 
Traditionally, this is accomplished by the addition of ABA to the media (Pullman et al, 2003). This 
hormone has been demonstrated in Norway spruce to both promote SE while stunting growth of 
less developed morphologies (PEM I and PEM II) (Filonova et al., 2000). Furthermore, from time-
lapse tracking studies, Filonova et al. (2000) hypothesized that PEM III’s develop directly into 
somatic embryos. To reach full maturity, the developing Norway spruce embryos are grown in the 
dark for 8 - 12 weeks, often showing development of cotyledons as early as 7 weeks (Figure 2). 
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This stage of development is comparable to natural zygotic embryo development for Picea abies 
(Filonova et al., 2000).  
 
 
Figure 2: Somatic embryo development in Picea abies (Norway spruce). Reproduced from Filonova et al. (2000). 
The budding SE heads from PEM III start to develop finer structures such as the root apical meristem, shoot apical 
meristem and cotyledons. 
While somatic embryos undergo the maturation process, they must go through a period of 
desiccation. This process occurs naturally within the plant reproductive system as a way of 
preparing seeds for an inactive period (von Arnold et al., 2002). Furthermore, this process induces 
embryos to transition the metabolic pathways from maturation to germination (Stasolla and Yeung, 
2003). In vitro techniques have been developed that mimic the desiccation conditions within the 
plant during zygotic embryogenesis. Principally, this is accomplished by the addition of an osmotic 
agent, such as salts and polyethylene glycols (PEG). However, higher success has been achieved 
with PEG as osmotic potential more closely resembles natural processes (von Arnold et al., 2002).  
 
The embryos can then be germinated and cultivated into full plants. Each of these stages represent 
a critical developmental change, where conditions must be maintained for successful growth. 
Continued development and understanding of these stages will lead to higher and more predictable 
embryo yields and quality. 
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Optimizing Somatic Embryogenesis   
 
In recent years, an interest in developing consistent high-value crops has grown into an important 
research topic in plant biology. This is particularly true for coniferous species and other woody 
plants destined for wood products. Traditional methods of breeding lead to variable crop yields 
with undesirable characteristics such as poor wood quality and vulnerability to disease 
(Schmidtling 1983). Additionally, conifers have long growth periods, requiring plentiful resources 
and space. SE serves to alleviate these issues. However, SE is still limited for practical applications 
by variable embryo yields and low embryo quality. A body of research has manifested that 
addresses these topics and offer potential solutions. Continued research and improvements in these 
topics serve to increase the effectiveness of SE for industrial applications. 
 
Embryo yield and embryo quality represent different points of optimization along the path to plant 
regeneration. However, the former can be used more readily and efficiently as a prediction of 
embryo success, as results can be determined as early as the conclusion of the development period 
around 10-12 weeks. The latter requires experiments to last through the germination period which 
can take anywhere from 6-8 months post the development period. Furthermore, it has been 
suggested that success in the early developmental stages are indicative of SE success as a whole 
(Stasolla and Yeung, 2003). Therefore, the following discussion will focus on research 
advancements that center on optimizing early culture conditions during the maintenance and 
development periods that quantify success with embryo yield.  
 
A particularly advantageous area of research is determining early biomarkers that could indicate 
later success. Such indicators would allow for easy selection of valuable cell lines without 
dedicating resources to undesirable outcomes. Two factors that have been implicated in this 
endeavor thus far are arabinogalactan proteins (AGPs) and PEM morphologies and sizes.  
 
PEMs as biomarkers. Previous analysis of loblolly pine maintenance cultures has shown a 
negative correlation between embryo yield and the total volume of aggregates with diameters less 
than 273 µm as shown in Figure 3. In other words, a higher volume of small aggregates (such as 
PEM I’s) in culture appears to lead to a lower number of embryos during development. This 
correlation would agree with the working hypothesis that embryos develop directly from PEM 
III’s, the largest and most developed aggregates in culture (Filonova et al., 2000). 
 
This apparent correlation could be tested by adjusting the morphologies of the cultures to 
determine its effect on embryo yield. One way of achieving a desired culture morphology is to 
fractionate the culture by size by physically separating the different size aggregates using a filter 
or sieve. Size fractionation was previously performed for loblolly pine culture using nylon meshes 
(Cummings Bende et al., 2018) and embryogenic hybrid tea rose cultures (Kamo et al., 2004). 
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Figure 3: Embryo yield of loblolly pine suspension cultures vs. volume of aggregates with d<273 µm [mm3]. 
Reproduced from Cummings Bende et al., 2018. 
AGPs as biomarkers. AGPs are a broad class of proteins found in various species of plants, 
including cotton (Gossypium hirsutum; Poon et al., 2012), carrot (Daucus carota; Kreuger and 
Holst, 1995) and loblolly pine (Pinus taeda). They are characterized by their high protein to 
carbohydrate ratio, with protein often making up less than 10% of the total weight (Majewska-
Sawka et al., 2000). The carbohydrate side chains vary in composition and structure; however, the 
major sugar residues are arabinose and galactose (van Hengel et al., 2001).  
 
AGPs have been demonstrated to play an important role in SE. For instance, SE was blocked in 
D. carota by precipitating out extracellular AGPs using β-glucosyl Yariv reagent, showing AGPs 
are critical in the maturation process (von Arnold et al., 2002). This importance was further 
substantiated when added exogenous AGPs induced SE in Picea abies (Egertsdotter et al., 1995). 
While the role of AGPs in SE is not yet fully understood, chitinases have been shown to prune 
glycosyl chains; these chains could be potential signaling molecules (Smertenko and Bozhkov, 
2013). 
 
Coulter counter. Measuring the size of Pinus taeda aggregates in suspension can be done using a 
Coulter counter. A Coulter counter measures the size of particles passing through an aperture using 
the electrical resistance pulse sizing technique, or the Coulter technique. Particles are suspended 
in a conducting salt solution and passed through an aperture with a constant current applied across 
it. The passing particles displace the electrolytes in the solution and produces a voltage pulse. The 
amplitude of this voltage pulse is proportional to the volume of the particle passing through the 
aperture (Kolewe et al., 2010, Graham, 2003). Particle volume in each bin and particle diameter 
6 
 
can both be determined using a Coulter counter. This data would be useful in the size fractionation 
of Pinus taeda cultures as it can verify successful fractionation. The Coulter counter outputs 
volume represented in each size bin and the mean diameter of the particles in each sample. These 
data give insight into the morphology of the culture. Kolewe et al. developed a method to measure 
plant cell culture aggregates using a Coulter counter with a 2,000 μm aperture. This method was 
shown to reliably measure Taxus cuspidata aggregates in suspension (Kolewe et al., 2010). A 
Coulter counter method was developed for Pinus taeda suspension cultures as well (Cummings 
Bende et al., 2018). 
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MATERIALS & METHODS 
 
Maintenance media. Maintenance media was prepared in a 4 L flask. Initially, nanopure water 
(~2 L) and basal salt stock solution (400 mL) was added to the flask. The following prepared 
solutions were added to the mixture sequentially with sufficient time in between each to dissolve 
each stock solution: vitamin stock solution (2 mL), 2,4-D (440 μL), 6-benzylaminopurine (40 μL), 
kinetin (40 μL) and Ms-F iron stock (20 mL). These stocks were prepared following proprietary 
methods but final concentrations can be found in US Patent number US 7,452,722 B2 (Gupta et 
al., 2008). The following solid components were added to the flask, again allowing for sufficient 
time in between each until each was dissolved: 2.0 g Bacto™ casamino acids, 8.0 g myo-inositol, 
4.0 g L-glutamine and 120 g maltose from Sigma-Aldrich Corporation. The solution was then 
brought to a pH of 5.7 using 1M hydrochloric acid and 1M potassium hydroxide, and the final 
volume was brought to 4 L with nanopure water. The media was then filter sterilized using a 
Nalgene™ Rapid-Flow™ polyethersulfane microporous membrane filter with a pore size of 0.2 
μm into 500 mL bottles.  
 
Development media. Development media was initially mixed and prepared in a 4 L flask. Similar 
to the maintenance media, nanopure water (~600 mL) and basal salt solution (400 mL) were mixed 
in the flask. The following prepared solutions were added sequentially with enough time in 
between each to dissolve each stock: vitamin solution (2 mL), amino acid stock (4 mL) and Ms-F 
iron stock (20 mL). The following solid components were added to the flask, again allowing for 
sufficient time in between each until all solid particles were dissolved: 2.0 g Bacto™ casamino 
acids, 0.4 g L-asparagine, 4.0 g L-glutamine, 0.4 g myo-inositol, and 400 g PEG-8000. The volume 
was brought to 3600 mL nanopure water and stirred until well-mixed. The solution was then 
separated into 500 mL bottles (450 mL in each). To each bottle 0.5 g activated charcoal was added 
and placed on a shaker for 30 minutes. Each bottle was then individually brought to a pH of 5.7 
using 1M hydrochloric acid and 1M potassium hydroxide and 1.25 g Gelrite™ was added to each. 
All bottles were autoclaved at 121°C and 20 psig for 20 minutes. While autoclaving, sugar stock 
was prepared with 100 g maltose and 40 g glucose and brought to a volume 400 mL. The sugar 
stock and 2 mg/mL ABA (50 mL) were filter sterilized together using Nalgene™ Rapid-Flow™ 
polyethersulfane microporous membrane filters with 0.2 μm pore sizes. After autoclaving, the 
bottles were placed in a 68°C water bath. One at a time the bottles are brought into a laminar flow 
hood and stirred on a stir plate. To each bottle a 56.5 mL of the sugar and ABA stock was added 
and well-mixed. The bottle was then poured evenly into 15 3 ½ inch Petri dishes. All plates were 
stored in the dark at room temperature and last up to one month.   
 
Culturing. Loblolly pine (Pinus taeda) cells were maintained in 500 mL flasks in the dark at 23℃ 
on a shaker rotating at 125 rpm. They were subcultured every seven days into clean flasks in a 
sterile hood. Old culture was transferred to 50 mL centrifuge tubes and allowed to settle. After 15 
minutes, excess media on top of the settled cells was pipetted off. Next, 18 mL of settled cells were 
transferred to an autoclaved 500 mL flask containing 72 mL of maintenance media. The flasks 
were covered with rubber caps and aluminum foil was wrapped around the caps to limit air transfer. 
The new subcultures were returned to the shaker. 
 
Plating. Cells intended to develop into somatic embryos were grown on Petri dishes filled with 
development media developed by Weyerhaeuser NR Company. The plating process began with 
transferring the cells to be plated into 50 mL centrifuge tubes and allowing them to settle for 10 
8 
 
minutes. After settling, the excess media was removed. Then a volume of rinse media equal to the 
settled cell volume was added to the centrifuge tube and allowed to sit for 10 minutes. Half of the 
rinse media was then removed. A 2x2 inch nylon mesh was placed onto a fritted disk Buchner 
funnel on top of a vacuum flask. A small amount of autoclaved water was poured onto the funnel 
to flatten the mesh and excess water was allowed to pass through the filter. Then a 750 μL well 
mixed sample was pipetted onto the mesh, ensuring the biomass spread evenly across the mesh. 
The vacuum was pulled for roughly half a second then the mesh was transferred to a development 
plate. The plate was covered then wrapped twice with parafilm. The plates are then stored in a 
dark, well-ventilated box at room temperature for 12 weeks.  
 
Coulter Counter. A Multisizer 3TM Coulter counter from Beckman Coulter with a 2000 μm 
aperture was used to measure biomass and characterize loblolly pine suspension culture aggregate 
size distribution. A 65:35 water:glycerol solution with 6.34 g/L sodium chloride and 0.32 g/L 
sodium azide was used as a diluent. Cells that were to be analyzed were pipetted into a 50 mL 
centrifuge tube and allowed to settle for 15 minutes. All samples to be run were normalized by 
analyzing samples with the same ratio of settled cell volume to excess media volume. Next, 2 mL 
of well mixed culture sample were then added to 400 mL of diluent and samples were analyzed in 
triplicate. The Coulter counter data was analyzed using Microsoft Excel. 
 
Size fraction method development. A method was developed for fractionating cells using 3-inch 
diameter stainless steel sieves from Dual Manufacturing Company with the following pore sizes: 
710 μm, 500 μm and 250 μm, as these sizes approximately reflect each PEM stage of development. 
Initially, the sieves were stacked from largest to smallest pore size with a small collection dish 
attached to the bottom. Approximately 10 mL of culture was pipetted onto the top of sieve tray 
stack and washed through with 25 mL increments of maintenance media for a total of 300 mL of 
media. The efficacy of this configuration was judged by visual inspection, as low cell transfer 
prevented further testing with the Coulter counter. 
 
Noting the results from the previous arrangement, the sieve trays were separated and used 
individually. The 710-μm pore size tray was placed in an aluminum tin and filled with 75 mL of 
maintenance media to create a shallow fluid bed in the sieve and prevent cells from clumping and 
caking, shown in Figure 4. As before 10 mL of culture was pipetted on top of the sieve and the 
sieve was gently agitated manually to evenly spread the cells. The tray was then raised from the 
media bed to allow smaller cellular aggregates to pass through. This process was repeated 
approximately 4 times or until no more cells appeared to filter out. The process was repeated for 
the two other size sieves, using the effluent from the previous tray as the initial solution. The cells 
entrained on each tray were collected in 50 ml centrifuge tubes and analyzed with the Coulter 
counter according to the procedure outlines above (see Coulter counter).  
 
Further development of the previous procedure was made by increasing the amount of fresh beds 
from one to four total to decrease the amount of smaller aggregates entrained on the sieve. The 
procedure follows similar to before. The cells entrained on each tray were collected in 50 mL 
centrifuge tubes and analyzed with the Coulter counter. 
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Size fraction experiment methods. Cells were fractionated using a Dual Manufacturing Company 
3-inch diameter 710-μm pore size stainless steel sieve and 4 beds of fresh media in aluminum tins. 
Initially, a 15 mL sample of culture was pipetted onto the sieve submerged in 75 mL of media so 
the cells floated in the sieve. Two sterilized forceps were used to move the sieve around to achieve 
an even distribution of cells across the sieve and then lift the sieve out of the media, allowing the 
cells to run through the sieve with the media, and place the sieve back down in the collection dish, 
submerging at a slight angle preventing an air pocket forming and blocking the media from flowing 
up through the sieve again. This lift/submerge process was repeated 3 times before transferring the 
sieve to the next rinse bed. The sieve went through 4 of these rinse beds before being placed in a 
fresh media bed of 75 mL of media. The cells left in the sieve were pipetted out into a 50-mL 
centrifuge tube where they were allowed to settle, creating the >710 μm population. The used 
media in the 4 rinse beds were also pipetted into 50-mL centrifuge tubes and allowed to settle. 
This was considered the <710 μm population. The excess media in the <710 μm fraction was 
placed back into the rinse beds to conserve media. Settled cells were combined into one tube for 
each population and allowed to settle again. This fractionation process was repeated 4 times.  
Figure 4: 710 μm sieve in collection dish. This arrangement was implemented in mid-
development and was eventually selected as the final experimental apparatus for later 
experimentation. Depicted above are the 3 of the 4 aluminum tins that were used to rinse the sieve 
allow smaller aggregates to settle out. As can be seen in the base of the sieve, the cells were allowed 
to move around freely, preventing larger aggregates from settling and blocking pores of sieve. 
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Figure 5: Size fraction experimental model. 
Next, the plating procedure was followed and 6 plates of each population (>710 μm, <710 μm, 
control) were created and stored in a dark box at room temperature for 12 weeks. Then, 3 samples 
of each population were run through the Coulter counter to verify the size fraction. The remaining 
volume of the populations was dried and stored at -80°C for future protein analysis. The procedure 
is depicted above for clarity (Figure 5). 
 
After the 12 weeks passed, the plates were photographed and their weights recorded. Next, the 
embryos on each plate were counted and recorded. The growth on the plates was then removed 
and the plate was weighed again to determine the total growth on the plate. The data were analyzed 
using GraphPad Prism 7 and tested for significance by one-way ANOVA analysis with multiple 
comparisons. 
 
Dialysis buffer and protein extraction buffer. Dialysis buffer was 5 mM acetate buffer pH 5.5 
with 100 mM sodium chloride, prepared using 5 mM sodium acetate with 100 mM sodium chloride 
and 5 mM acetic acid with 100 mM sodium chloride and stored at 4℃. Protein extraction buffer 
contained 20 mM acetate buffer pH 5.5, 100 mM sodium chloride, 10% Glycerol, and 1% Triton™ 
X-100. Protein extraction buffer was also stored at 4°C. 
 
Cell-associated protein extraction. The protein extraction method began with adding ~100 μL of 
Zirconium oxide beads (d=0.5 mm) to locking microcentrifuge tubes. These were weighed and 
recorded, then chilled in a bucket of ice. Next, culture was prepared for extraction. A 3 ¼” base 
Brew Rite® coffee filter was placed in a Buchner funnel and culture was added. A vacuum was 
pulled until the cells appeared dry and fluffy. Around 100 mg of the dried cells were added to the 
prepared tubes and weighed. Next, 800 μL of a buffer composed of 100 μL EDTA, 100 μL Halt™ 
Protease and Phosphatase Inhibitor cocktail, and 10 mL PE buffer was added to each tube. Next a 
Next Advance Bullet Blender® Gold was prechilled for 5 minutes using dry ice to 4 ℃. Next the 
cells were grinded for 3 minutes at 4 ℃. The tubes were then immediately moved to the ice bucket 
and allowed to rest for 30 minutes. The tubes were then vortexed and centrifuged at 132,000 rpm 
for 30 minutes. Next, the supernatant from each tube was transferred to a fresh tube. 400 μL of the 
710 µm
sieve
>710 µm
fraction
6
plates
3 samples
(Coulter counter)
<710 µm
fraction
6
plates
Control
3 samples
(Coulter counter)
Culture
6
plates
3 samples
(Coulter counter)
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PE/PI (protein extraction/protease inhibitor) buffer was added to each tube and the extraction 
process was repeated. The supernatants were pooled into the new tube. Using a syringe and a 0.22 
μm Millex® syringe-driven filter, cell debris was filtered out. Next, a portion of Thermo Scientific 
Snakeskin® dialysis tubing with 3.5 kDa MWCO and 16 mm inner diameter was prepared: 0.25” 
of tubing was folded over twice and secured with a dialysis clip. The extract was then carefully 
pipetted into the tubing. The other end was then folded and clipped. The tubing was then floated 
in a beaker of dialysis buffer (100 x sample volume) in cold room for 4-8 hours or overnight. The 
buffer was changed out and dialysis repeated twice more. 
 
Colorimetric Yariv assay. AGP concentration of the protein extract began with the preparation of 
a standard set of AGP concentrations. A 10 mg/mL gum arabic (GA) solution was prepared. Next 
the standards were prepared according to Table 1. 
 
Table 1: Gum arabic standards 
Concentration 
µg/mL 
Volume of source GA solution 
µL 
Source GA solution 
Volume nanopure water 
µL 
1000 100 10 mg/mL GA 900 
150 45 1000 µg/mL GA 255 
100 30 1000 µg/mL GA 270 
50 15 1000 µg/mL GA 285 
25 75 100 µg/mL GA 225 
10 60 50 µg/mL GA 240 
0 — — 300 
 
The 150 µg/mL through the 0 µg/mL standards were used in the assay to make a standard curve. 
Next, AGP precipitation was prepared. One replicate was created for each standard containing 100 
µL standard, 100 µL sodium chloride, and 12 µL β-glucosyl Yariv reagent (βgluY). Two replicates 
were created for each sample and contained 400 µL sample, 400 µL 1.4156% sodium chloride, 
and 48 µL βgluY. Protein extracts taken from the three size populations during the size 
fractionation experiment (>710 µm, <710 µm, and control) were prepared for AGP precipitation 
in this manner. Two other samples (protein extracts taken from dried day 7 maintenance culture as 
well as the media they were cultured in) were prepared for precipitation using different volumes 
of components: 100 µL sample, 100 µL 1.4156% sodium chloride, and 12 µL βgluY. All tubes 
were vortexed and stored at 4°C overnight. 
 
The next day, the tubes were centrifuged at 132,000 rpm for 10 minutes. Then the supernatant was 
pipetted off and the following volumes of 1% sodium chloride were added to the tubes: 200 µL to 
standards and 800 µL to samples. All tubes were then vortexed and centrifuged at max speed for 
10 minutes. This step was repeated two additional times. Next, supernatant was removed and all 
tubes were resuspended in 100 µL 10 mM sodium hydroxide and vortexed until solubilized. Then, 
50 µL of the liquid were transferred to wells of a low-volume Greiner Bio-One 96-well plate (Ref: 
655101). The plate was placed in a Fisherbrand™ accuSkan™ GO UV/Vis Microplate 
Spectrophotometer and absorbance was read at 398 nm, 457 nm, and 580 nm. Results were 
exported to Microsoft Excel for analysis and samples were stored at -20°C. 
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RESULTS & DISCUSSION 
 
Size fractionation development. The first step in the project was to determine a way to fractionate 
the culture into desired size fractions. Initially, the experiment objective was to separate each PEM 
by the characteristic diameter using 710 μm, 500 μm and 250 μm stainless steel sieves. However, 
several obstacles were encountered which had to be addressed to make the experiment feasible, 
including separation of enough culture to plate, analyze and sample. 
  
In the first attempt to fractionate the culture, the sieves were stacked from largest to smallest pore 
size with cells applied to the top of the stack and washed through with 300 mL of media. However, 
one of the limitations of this approach was the cells would begin to clump and cake to the sieve 
while media would merely flow around the cells and pass through the pores. On visual inspection 
of the tray larger aggregates appeared to block pores, preventing smaller cells from passing 
through. Another limitation of this approach was the low, nearly negligible volume of cells 
retained in the lower trays. This prevented further more rigorous analysis with the Coulter counter 
and directed the research into developing more feasible procedures. 
 
Noting that the cells caking and clumping hindered the previous approach, each sieve was allowed 
to be submerged in a bed of 75 mL of media with minor agitation applied. This modification 
seemed to alleviate the previous issues, as larger aggregates would not be allowed to permanently 
settle and block pores. Indeed, by visual inspection the aluminum tray contained more small 
aggregates than previously observed. However, to increase the effectiveness of this method the 
number of fresh media beds was increased to four. Again, by visual inspection sufficient small 
aggregates filtered through to justify this amount of rinsing. It was notable though that while one 
cycle may have been enough to process a sample at least through the Coulter counter, repeated 
cycles would be necessary. It was also noted that for each sieve, the required number of media 
beds and therefore the required total volume of media would increase drastically. If this procedure 
was carried out for an experiment where enough cells would need to be collected from each sieve 
to plate and sample, the amount of media used would be unreasonably large. The fractionation was 
carried out using only the 710 μm sieve and the methods detailed above (see Size fraction 
experiment methods). 
 
Size Fractionation Results. The fractionation experiment was performed twice, named 
Experiment 1 and Experiment 2. In both experiments, the mean diameter of particles in each size 
fraction was determined from data gathered by the Coulter counter (see Tables 2 and 3). The mean 
particle diameters of the <710 size fractions for both experiments were determined to be highly 
significantly different from the control by One-way ANOVA and Dunnett’s multiple comparisons 
test (p<0.0001, p<0.0001 respectively). The mean diameter of the >710 μm size fraction was 
slightly higher than the control in both Experiment 1 and Experiment 2 and was found to be 
significantly different from the control by One-way ANOVA with Dunnett's multiple comparisons 
test (p=0.0227, p=0.0320 respectively). Theoretically, the mean diameter should be greater than 
710 μm in the >710 μm size fraction but a few factors can make the Coulter counter reading lower 
than expected. One factor could be that the fractionation was incomplete and that there were small 
particles still in the sieve after fractionation. Another factor could be that the Coulter counter treats 
the particles that run through it as solid objects. When particles pass through the aperture the 
Coulter counter detects changes in voltages that are proportional to the volume of the particles 
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passing through it. Since the particles in this experiment are aggregates, the volume of a larger 
aggregate would be less than that of a solid sphere of the same volume. Therefore, the Coulter 
counter would calculate the mean diameter from the measured volume assuming the particle is a 
solid sphere, resulting in a calculated diameter that is not necessarily representative of large 
aggregates. The low mean diameters could also be explained by smaller cells and aggregates being 
caught in the larger aggregates during fractionation causing more small aggregates to be in the 
>710 μm fraction than expected. Similarly, the larger aggregates could have broken apart during 
the size fractionation process, creating more small aggregates that would be trapped in the >710 
μm fraction. With these factors in consideration, the fractionation may have been successful, but 
more verification is required to be conclusive.  
 
Size Fraction Mean Diameter ± SD 
Control 362.1 ± 46.5 μm 
>710 μm 427.2 ± 12.6 μm 
<710 μm 138.5 ± 6.3 μm 
 
Size Fraction Mean Diameter ± SD 
Control 402.1 ± 43.0 μm 
>710 μm 467.3 ± 11.3 μm 
<710 μm 174.6 ± 5.3 μm 
 
  
Embryo Yield Results. Figure 6 shows the average embryo yield of after 12 weeks of growth for 
each of the size fraction from Experiment 1: Control, >710 μm, and <710 μm. The embryo yield 
on each plate, reported as number of embryos per gram of growth, varied between plates within 
the same size fraction. The differences between the control and the >710 and <710 μm fractions 
were determined to be not significant by One-way ANOVA with Dunnett’s multiple comparisons 
test (p=0.4995, p=0.9999 respectively).  
 
Table 2: Experiment 1 - Mean Particle Diameters (n=3). For each fraction 3 
samples were run in the Coulter counter. By One-way ANOVA with Dunnett’s 
test both the >710 μm fraction and <710 μm fraction were found to be significantly 
different from the control (p=0.0227 and p<0.0001, respectively). However, the 
measured mean diameter differ from the nominal size of the fraction. 
 
Table 3: Experiment 2 - Mean Particle Diameters (n=3). For each fraction 3 
samples were run in the Coulter counter. By One-way ANOVA with Dunnett’s 
test both the >710 μm fraction and <710 μm fraction were found to be significantly 
different from the control (p=0.0320 and p<0.0001, respectively). However, the 
measured mean diameter differ from the nominal size of the fraction. 
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Figure 7 shows average embryo yield after 12 weeks of growth for each of the three size fractions 
from Experiment 2: Control, >710 μm, and <710 μm. The embryo yield, reported as number of 
embryos per gram of growth, varied less in Experiment 2 than Experiment 1. The difference 
between the embryo yield of the >710 μm size fraction and the control were determined to be 
significant by One-way ANOVA with Dunnett's multiple comparisons test (p=0.0043). The <710 
μm fraction showed no significant difference from the control by One-way ANOVA with 
Dunnett's multiple comparisons test (p=0.7696) 
 
The results of Experiment 2 are promising as they appear to agree with the original hypothesis that 
culture with a greater amount of larger aggregates, such as PEM IIIs, would develop more 
embryos. Although not statistically significant, similar trends were observed in Experiment 1. 
However, high variability was observed. The variability of the embryo yields in Experiment 1 
could be due to incomplete fractionation with the different sized aggregates not being isolated 
enough to affect embryo yield in a significant way. In the future, a more efficient and effective 
method for size fractionation should be developed to more precisely isolate the three tiers of PEMs. 
Without a strongly conclusive verification of size fractionation, it is difficult to determine with 
confidence that aggregate size distribution in culture is an early biomarker for embryo yield in SE.  
However, these results are very promising and aggregate size distribution should be studied further 
as a potential biomarker with a more precise size fractionation method.   
Figure 6: Experiment 1 - Embryo yield per gram of growth (n=5). 
Embryo yields were measured after 12 weeks of growth for a minimum of 
5 plates per population. Embryo yields were normalized with grams of 
growth. By One-way ANOVA with Dunnett’s test neither >710 μm nor 
<710 μm fraction were found to be significantly different than the control. 
Error bars represent standard deviations. 
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Size fraction AGP Results. Figure 8 shows the concentration of cell-associated AGPs in each size 
fraction from Experiment 2 normalized to the fresh weight of cells extracted, reported in [μg AGP/ 
g of fresh weight]. The >710 μm size fraction had significantly higher concentrations of AGP than 
the control while the <710 μm size fraction had significantly lower concentrations of AGP. The 
difference between the concentrations of AGP in each size fraction and the control was determined 
to be significant by One-way ANOVA with Dunnett's multiple comparisons test (p<0.0001, 
p<0.0001). The results from this experiment are interesting as they suggest that AGP 
concentrations are greater in larger aggregates and lower in small aggregates. Since AGP has been 
shown to be critical in the SE process (von Arnold et al., 2002), this may be a possible new avenue 
in the search for a predictive biomarker for embryo yield. It might also be a potential way of 
verifying size fraction in future experiments (i.e., a culture with a high cell-associated AGP 
concentration there may be high distribution of larger aggregates.) More research should be done 
to explore the usefulness of such a relationship for SE.   
 
 
Figure 7: Experiment 2 - Embryo yield per gram of growth (n=5). Embryo 
yields were measured after 12 weeks of growth for a minimum of 5 plates per 
population. Embryo yields were normalized with grams of growth. By One-way 
ANOVA with Dunnett’s test >710 μm fraction was found to be significantly 
different than the control (p=0.0043). However, <710 μm fraction showed no 
significant difference from the control. Error bars represent standard deviations. 
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Media vs cell-associated AGP Results. Figure 9 shows concentrations of extracellular and cell-
associated AGP in μg AGP per mL extract. The media samples had higher concentrations of AGP 
than the cell samples. This difference was determined to significant by t-test (p<0.0001). These 
data however, are not normalized since the extracellular AGP concentration cannot be normalized 
using the amount of fresh weight used in extraction since media was directly used in the assay. 
This lack of normalization makes it difficult to directly compare the AGP concentrations. 
Nevertheless, this result could indicate that AGPs function as signaling molecules as has been 
suggested in previous research (Smertenko and Bozhkov, 2013, Majewska-Sawka et al., 2000).  
 
Figure 8:  Concentrations of AGP normalized with fresh weight (n=3). 
The cell associated AGPs were measured with the Yariv Assay for each 
population. By One-way ANOVA with Dunnett’s test both >710 μm and 
<710 μm were found to be significantly different than the control (p<0.0001 
and p<0.0001, respectively). Error bars represent standard deviations. 
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Figure 9: Media AGP vs. Cell-associated AGP (n=3). By t-test the media 
AGP concentration and cell-associated AGP concentration were found to be 
significantly different from one another (p<0.0001). However, conclusions 
are hard to draw from these results as the source differ between samples and 
thus no common factor to normalize to is available. 
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CONCLUSIONS 
 
Aggregate size distribution may be a predictive biomarker for embryo yield in SE, but a thoroughly 
verified size fractionation process would be needed to conclusively confirm the relationship 
between culture with high distributions of large aggregates and high embryo yield. It can be 
concluded that large aggregates contain higher concentrations of cell-associated AGP than smaller 
aggregates. Future work could include determining if cell-associated AGP concentrations could 
be a biomarker for embryo yield and determining if AGP concentrations could be used to estimate 
aggregate size distribution and verify size fractionation of culture. 
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